Although photons do no affect each other in vacuum, interactions between individual photons could enable a wide variety of scientific and engineering applications. Here we report on the creation of a quantum nonlinear medium with large photon-photon interactions at the single photon level. Our approach relies on Electromagnetically Induced Transparency (EIT) techniques, in which individual photons are coherently mapped onto strongly interacting Rydberg atoms. Under EIT conditions, photons traveling in the medium are best described as part-matter part-light quantum particles, called polaritons, which experience long-range interactions through the Rydberg blockade. In particular, we demonstrate coherent photon-photon interactions, akin to those associated with conventional massive particles, paving the way for novel photonics states and quantum simulation with light.
INTRODUCTION
The experimental demonstration of entanglement has generated a tremendous interest in exploiting quantum mechanical properties to improve the transmission and processing of information, a field known as quantum information science.
1 Three intimately related and particularly enticing research fields have emerged over the last three decades: quantum communication, 2-4 metrology beyond the standard quantum limit 5 and quantum computation.
1 For these applications photons are an ideal quantum particle as they robustly and quickly carry information, and techniques to manipulate and detect light at the single-photon level are well established. Two essential elements still actively pursued in the quest for photonic quantum technologies are the on-demand, deterministic generation of single photons and the realization of strong coherent interactions between photons. These elements can be provided by optical materials exhibiting nonlinearities (for example Kerr-type nonlinearities) at the single photon level. Beyond applications to quantum information science, such interactions would pave the way for the simulation of complex quantum systems with light and the creation of strongly correlated states of photons, akin to those observed in cold atomic gases loaded into optical lattices. 6 This possibility has been extensively studied in recent years 7 but many-body quantum photonic states have not been observed yet. Other exotic states of light predicted in highly nonlinear Kerr media include photonics bound states 8, 9 and quantum solitons.
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Unfortunately optical nonlinearities in traditional media are negligibly weak at intensities corresponding to a single photon pulse. To this day, the most promising approaches to strong photon-photon interactions are cavity Quantum Electro-Dynamics (QED) and Electromagnetically Induced Transparency (EIT). In cavity QED, photons are strongly coupled to a common atom or atomic ensemble by way of a high-finesse optical cavity. The resulting nonlinear photon blockade 11 has been achieved in various systems, for example atoms evanescently coupled to microtoroidal cavities, 12 quantum dots coupled to photonic crystals, 13, 14 and superconducting qubits in transmission line resonators. 15 Another spectacular achievement of cavity QED is the realization of conditional phase shifts and coherent quantum gates. [16] [17] [18] In EIT, quantum interferences are harnessed to coherently map photons onto large atomic ensembles, giving rise to partially atomic and partially photonic quasi-particles, called polaritons. The purpose of the work presented here is the creation of EIT-based strong polariton-polariton interactions, leading to single-pass optical media with large nonlinear susceptibilities at the single-photon level. This approach simplifies some of the scalability concerns associated with high finesse resonators and opens the door to mesoscopic systems of interacting particles of light.
RYDBERG EIT: A GIANT OPTICAL KERR EFFECT.
In dielectric media, optical nonlinearities 19 arise when the polarization density is not strictly proportional to the electric field . The third-order susceptibility χ (3) is the lowest order nonlinear correction to the polarization of atomic gases, which are centro-symmetric. Third order nonlinearities give rise to the rich physics of four-photon processes, most notably third harmonic generation. In the context of this work, we are interested in the optical Kerr effect, a degenerate case of four-wave mixing where the index of refraction of the medium depends on the intensity of the probe beam (or on that of a second beam for the so-called cross-Kerr effect).
It is possible to estimate the nonlinear response of conventional materials by using the Lorentz model of an elastically bound electron. 19 This simple approach underlines a crucial limitation for most nonlinear media: the third-oder nonlinear susceptibility is simultaneously resonant with the linear susceptibility and typically the optical response is strongly dominated by linear effects. To avoid absorption, it is necessary to operate at large detuning from the atomic resonances, which results in a large suppression of the nonlinear susceptibility. In their transparency domain, most conventional materials such as glass, crystals, liquids, gases have a third-order nonlinear susceptibility 19 ranging from 10
Specific nano-particles and polymers reach third-order nonlinear susceptibility up to 10
For reasonable beam sizes and pulse durations, the nonlinear effects are negligible at the single photon level.
In media with narrow optical resonances, typically cold atomic gases, the level structure can be exploited to optimize multi-photon resonances and enhance four-wave mixing. Nevertheless, the large detunings necessary to avoid absorption have so far prevented the observation of nonlinear phase-shifts larger than a few tenths of milliradians per photon. 20 Under EIT conditions, 21 on two-photon resonance, a strong control field cancels the linear absorption and phase shift of the medium. One of the most remarkable properties of EIT is the persistence of third order nonlinearities even as the linear susceptibility vanishes. [22] [23] [24] [25] Typical quantum nonlinear effects such as conditional absorption and phase-shift are then on the order of the single atom absorption probability η i.e. the probability for the atom on which a first photon is coherently mapped to absorb a second photon. This probability is given by the ratio between the atomic cross-section σ 0 = 3 2π λ 2 and the transverse confinement of the light with resonant wavelength λ and is generally smaller than unity due to diffraction. To beat this limit, it is necessary to confine light transversally over extended atomic ensembles 26, 27 or use stationary light techniques, [28] [29] [30] although these methods have not yet reached the quantum regime of nonlinear optics.
Atomic Rydberg states 31 combine the advantages of a long lifetime (typically ∼ 100 µs for the 100S 1/2 state of 87 Rb including room-temperature blackbody radiation) and a large dipole moment. The large dipole moment results in long range Van der Waals interactions which shift the Rydberg levels by several times the typical atomic linewidths for atoms located at distances as large as 10 µm. This concept leads to the socalled dipole blockade, 32 which prevents simultaneous optical excitation of several atoms located nearby [33] [34] [35] by shifting the doubly excited state out of resonance. Due to their long-lived states, Rydberg levels can be used as a metastable state to enable EIT, playing a similar role to that of the second ground state in a traditional Λ-system. Nevertheless, in contrast to Λ-systems, the dipole-dipole interaction strongly affects the conditions of propagation for simultaneous polaritons due to the detuning of the Rydberg levels far out of resonance, effectively canceling the effect of the control field (see Fig. 1,a) . As a result, in the low probe intensity limit, the linear susceptibility of the medium cancels due to EIT, whereas at high power, the response of the medium saturates to that of an ensemble of 2-level atoms with possibly large absorption (for a resonant probe field) or phase-shift (when the field is detuned from the corresponding resonance by a few linewidths).
The nonlinear susceptibility of the medium in the low atomic density limit can be derived by a mean-field approach 36 and is given by (in the absence of decoherence and for a resonant control field):
as a function of the probe wave vector k, the probe (respectively control) Rabi frequency Ω p (respectively Ω c ), the atomic density ρ, the absorption length l a = (ρσ 0 ) −1 and the blockade radius r b = (2 |C 6 | Γ/Ω EIT (where OD = dz (l a (z)) −1 is the total optical depth of the medium) for which the nonlinear effects are on the order of N b η. The medium can be described in terms of super-atoms 37 with a giant cross-section N b σ 0 , constituted of the N b atoms comprised in a single Rydberg blockade volume.
The nonlinearities become dispersive when the probe and control field frequencies are largely detuned by an amount ∆ from the intermediate state while still satisfying the two-photon resonance condition. In that case, the third-order susceptibility of the medium becomes:
In recent years, pioneering experiments have demonstrated this highly nonlinear behavior for cold ensembles in a magneto-optical traps. [39] [40] [41] At higher atomic densities, this mean-field approach is not valid as the strong nonlinear effects introduce strong correlations in the probe field. We now present experiments carried out in a dense trapped atomic cloud, entering the regime of quantum nonlinear optics.
EXPERIMENTAL SETUP
To observe the photon-photon blockade, several key requirements must be fulfilled. First, to eliminate Doppler broadening, the atoms should be cold so that they move by less than an optical wavelength on the microsecond time scale of the experiment. Second, the atomic cloud should be sufficiently dense such that the blockade condition r b l a is fulfilled. Finally, the system should be one-dimensional, i.e. the transverse size of the probe beam should be smaller than the blockade radius in order to prevent polaritons from traveling side by side. We fulfill these conditions by trapping a laser-cooled atomic ensemble of 87 Rb and focusing the probe beam to a Gaussian waist w 0 = 4.5 µm. Using Rydberg states with principal quantum numbers 46 ≤ n ≤ 100, we can realize blockade radii r b between 3 µm and 13 µm, while for our highest atomic densities of N = 2 × 10 12 cm −3 , the attenuation length l a is below 2 µm.
The laser-cooled ensemble containing up to N = 10 5 atoms is held in a far-detuned optical dipole trap, formed by two orthogonally polarized beams with waists w t = 50 µm intersecting at an angle of 32
• (see Fig.1 ,a). The atoms are optically pumped into the state |g = |5S 1/2 , F = 2, m F = 2 in the presence of a 3.6 G magnetic field along the quantization axis defined by the propagation direction of the probe and control beams along the long axis of the cloud. The probe beam on the |g → |e = |5P 3/2 , F = 3, m F = 3 transition and the control beam on the |e → |r = |nS 1/2 , J = To avoid inhomogeneous light-shift broadening of the two-photon transition, we turn off or modulate the optical dipole trap when we probe the medium. The resonant optical depth of the cloud can be as large as OD = 50, with initial radial and axial rms cloud dimensions of σ ⊥ = 10 µm and σ z = 36 µm, respectively. The control light is filtered out from the transmitted light, and the photon-photon correlation function g (2) (τ ) of the probe beam can be measured by means of two photon counters.
QUANTUM NONLINEAR OPTICS: DISSIPATIVE REGIME.
Probe transmission spectra are presented in Fig. 2 ,a for large optical depth OD = 40 and the control laser tuned to the Rydberg state |100S 1/2 . At very low incident photon rate R i ≤ 1µs −1 , the spectrum displays an EIT window with 60% transmission. The extraordinary nonlinearity of the Rydberg EIT medium 39 becomes apparent as the incident photon rate is increased: the probe beam is strongly attenuated already at a photon flux of R i ∼ 4µs −1 . To demonstrate that we are operating in a quantum nonlinear regime, we show in the correlation function g (2) (τ ) of the transmitted probe light, measured at R i = 1.2 µs −1 . For the most strongly interacting state |100S 1/2 with r b = 13µm ≈ 5l a ≈ 2.9w 0 we observe strong antibunching with g (2) (0) = 0.13(2), largely limited by spurious detection events (dark counts from the detector, imperfect polarization of probe light, residual control light). Subtraction of the independently measured background coincidence counts yields a corrected g (2) c (0) = 0.04(2). These observations are in stark contrast to EIT transmission via a weakly interacting Rydberg state |46S 1/2 with r b = 3 µm, where the photon statistics of the transmitted light are similar to those of the incident coherent state (see inset). The g (2) function also exhibits a local super-Poissonian feature on a range of ∼20 µs which we attribute to the occasional population of metastable Rydberg levels not resonantly coupled by the control field to a fast decaying state, inducing classical fluctuations of the transmission.
An important feature of the photon-photon blockade is the correlation time, i.e. the width τ c of the antibunching feature in g (2) (τ ). Interestingly, for |100S 1/2 the photons are anti-bunched over a length scale that exceeds the blockade radius (see top axis of Fig. 2,b) , indicating the influence of additional propagation effects beyond the simple picture outlined above. The dependance of τ c on the optical depth, obtained by repeating the measurements for various densities, reveals that the correlation time is of the same order and scales proportionally with the inverse bandwidth of the EIT transparency window γ EIT / √ OD.
To gain insight into these observations, we theoretically analyze the photon propagation dynamics in the weak-probe limit where the average number of photons inside the medium is much less than one. In this case, it suffices to consider two polaritons. The corresponding field component can be described 38 by the two-photon wavefunction |ψ 2 (t) =
, whereÊ(r) denotes the photon field operator and |EE(z 1 , z 2 , t)| 2 is the probability of finding two photons at locations z 1 , z 2 , which relates to the temporal correlation function via g (2) 
In the absence of decoherence and for a unidimensional system , the steady-state two-photon wavefunction in the medium obeys (see reference 42 for details):
where R = (z 1 +z 2 )/2, r = z 1 −z 2 are the center-of-mass and relative coordinates of the two photons, respectively. The function V(r) = r is too large, the second diffusion-like term acts to broaden the absorption dip to a width determined by the EIT bandwidth, in agreement with experimental results. To maintain strong two-photon suppression in the presence of diffusion, the loss term must exceed the diffusion on the length scale of the blockade radius, requiring r b > l a .
QUANTUM NONLINEAR OPTICS: DISPERSIVE REGIME.
We now turn to the dispersive regime, where the photons coherently interact by imprinting on each other a mutual phase-shift. The transition from the dispersive to dissipative regime is obtained by introducing an intermediate detuning ∆ of the control field from the short-lived intermediate state of the EIT level scheme (see Fig. 3 ). By operating away from the intermediate atomic resonance, the absorption is reduced and only weakly nonlinear, yielding a purely dispersive nonlinear medium. In this regime, the Rydberg blockade primarily impacts the real part of the linear susceptibility of the medium, 38, 40 resulting in a nonlinear phase shift visible in Fig. 3 where a probe photon rate of R i = 5 µs −1 already modifies the medium yielding a probe spectrum close to the bare two-level response. Qualitatively, a substantial two-photon phase shift arises for r B la Γ |∆| 1. For our parameters using the Rydberg state 100S 1/2 and Ω c = 10 MHz, we have r B ∼ = 18 µm at detunings of a few Γ, l a = 4 µm at the peak density, and w 0 = 4.5 µm, fulfilling the conditions for strong interactions for |∆| 5Γ. (green circles), for a control field red-detuned by ∆ = 15 MHz (solid blue line is theory). The spectrum at high probe rate approaches that of the undriven two-level system, which is the idealized limit of a blockaded cloud (dashed gray). The solid vertical line corresponds to the EIT resonance.
Conditional phase-shift.
The phase of the σ + -polarized probe field presented in Fig. 3 is measured by interference with photons which interact only weakly with the atomic medium. More precisely, we prepare input photons in a linearly polarized state |V = (|σ
where the σ − component interacts only negligibly with the medium and serves as a phase reference.
For a dense enough medium, the Rydberg blockade in the dispersive regime induces large conditional phaseshifts. 16 In order to explore these quantum dynamics, we perform a conditional polarization measurement dependent on the time interval between detection events. It consists in measuring the two-photon correlation functions g (2) αβ of the transmitted light in different basis α, β. To clarify our approach, we first assume that the system is free of decoherence. In that case, the outgoing one-photon state, detected at time t, is a pure state:
Here, η + and η − characterize the linear susceptibility of the medium, accounting for absorption and phase shift leading to polarization rotation. For two photons arriving at times t 1 and t 2 on two single-photon detectors, the corresponding (unnormalized) outgoing state is:
The photon-photon interactions are described by ψ(t 1 , t 2 ), χ(t 1 , t 2 ), and µ(t 1 , t 2 ), which are chosen to be unity in the absence of nonlinear response. Here, the main quantity of interest characterizing the σ + -photons interaction are the phase and amplitude of the two-photon temporal wavefunction ψ(t 1 , t 2 ). The squared amplitude of ψ t1,t2 is equal to the normalized second-order correlation function of σ + photons:
++ (t 1 , t 2 )
After independent measurements of the linear transmission η + and the amplitude of ψ, the phase arg (ψ t1,t2 ) can be extracted by additional measurements of the two-photon correlation functions in different polarization bases. In the presence of decoherence, the outgoing state of the photons must be described by density matrices, with ρ (1) (t) replacing |1 t 1| t , and ρ(t 1 , t 2 ) replacing |1, 1 t1,t2 1, 1| t1,t2 . It is convenient to define the scaled matrix
in the basis σ
. By definition, all elements ofρ are equal to 1 in the absence of nonlinearity. For a pure state, arg [ρ ++,−− (t 1 , t 2 )] = arg(ψ t1,t2 µ * t1,t2 ) is the nonlinear phase-shift of a σ + σ + photon-pair with respect to that of the weakly interacting σ − σ − pair.
The resulting scaled density matrices are plotted in Fig. 4 in the limits of proximal (t 1 = t 2 ) and distant (non-interacting) |t 1 − t 2 | = 1 µs photons. As expected, at large time separation, the elements of the scaled matrix are all equal to unity. For photons exiting the medium simultaneously, we observe the existence of a large conditional phase-shift between |σ + σ + and |σ − σ − . The small phase emerging between the |σ + σ − and |σ − σ − components underlines that photons with opposite polarizations interact very weakly.
The probability density of two interacting σ + photons, g
++ (t 1 , t 2 ), and the nonlinear phase, acquired by the σ + σ + pair relative to a non-interacting σ − σ − pair, φ = arg [ρ ++,−− ], are shown in Figs. 5,a and b for ∆ = 14 MHz. Clearly visible is the bunching of photons, i.e. an increased probability for photons to exit the medium simultaneously (t 1 ≈ t 2 ), and a substantial nonlinear two-photon phase shift of −0.5 rad in that region. Here t 1 and t 2 belong to the central region of the 5 µs pulse, where the experiments is steady state. In that regime, the correlation function only depends on the detection time difference τ = t 2 − t 1 and can be averaged along the diagonal lines. Figure 5 ,c shows the intensity correlation in the dissipation-dominated antibunching regime at ∆ = 0 and in the dispersive regime at |∆| > Γ and Fig. 5,d displays the nonlinear phase for two different detunings. The central result of this work is the large nonlinear Kerr phase-shift > π/4 at the single photon level for a medium with a large linear transmission of order 50%. The linear transmission is technically limited by the ground-to Rydberg-state decoherence, which arises from the probe and control field linewidth and the finite temperature of the atoms. This record conditional phase-shift outside the context of cavity QED is accompanied by the emergence of a visible bunching feature in the probability density of the two-photon wavefunction.
The transition from the dissipative to the dispersive regime with increasing |∆| is summarized in Figs. 6,a,b . In the dispersive regime, the nonlinear phase shift φ(τ = 0) can reach (−0.32 ± 0.02)π, at a detuning ∆ = 9 MHz. As expected from the refractive index discrepancy between the 2-level and 3-level atomic ensemble, the blockade generates a large condition phase shift at |∆| Γ, which is ultimately limited by the absorption length l a of the medium and the total optical depth OD. The absolute value of the nonlinear phase |φ| exhibits asymmetries under a sign change of the detuning ∆ from the intermediate atomic |e state. In particular, at negative values of ∆, corresponding to a blue-detuning of the control field, the phase-shift is strongly reduced and deviates [ s]
[ s]
[ s] from the predicted results given by our full theoretical simulations. In principle, the symmetry between positive and negative ∆ is broken by the repulsive dipole interaction of the 100S 1/2 states. For negative ∆, a positive energy shift of the Rydberg level of order Ω 2 / |∆| tunes the two-photon Raman absorption dip in resonance with the probe field satisfying the two-photon resonance condition for unperturbed levels. On the contrary, for ∆ > 0, positive energy shifts of the Rydberg level detunes the two-photon absorption dip further away from the two-photon resonance. For negative ∆, this asymmetry introduces a dissipative interaction between photons at a distance equating the Van der Waals interaction and the control field Stark-shift, which is absent from the regime ∆ > 0.
Two-photon bound state.
We now turn to the explanation of the bunching feature, depicted in Figs. 5,c, 6 ,a. The propagation of σ + -polarized photon pairs in the medium can be understood by first considering an idealized situation with no decoherence between the Rydberg state and the ground state. Then the steady-state in a one-dimensional homogenous medium can be described by a two-photon wavefunction ψ(z 1 , z 2 ), whose evolution is approximately governed by a simple equation (see 43 for details) in the center-of-mass R = (z 1 + z 2 )/2 and relative r = z 1 − z 2 coordinates:
Here the effective potential:
approaches (i + 2∆/Γ) −1 inside the blockaded volume (|r| < r B ), and zero outside. To a good approximation valid at small |τ |, the solution relates to the temporal wavefunction ψ(τ ) defined in the previous section and to our measurements in time domain via:
++ (τ )e iφ(τ ) (10) Far off resonance (|∆| Γ, Ω c ), Eq. 8 corresponds to a Schroedinger equation with the center-of-mass propagation distance R playing the role of effective time. The photons' effective mass m ∝ −Γ/(16l a ∆) can be positive or negative depending on the sign of the detuning ∆. The sign of the potential also changes with ∆ and the potential is a well for ∆ < 0 and a barrier for ∆ > 0. Nevertheless, because the boundary condition ψ(R = 0, r) = 1 is unchanged under complex conjugation ψ → ψ * , the dynamics for positive ∆ also correspond to a particle with positive mass in a potential well, as immediately derived by taking the complex conjugate of the Schroedinger equation, leading to an effective attractive force in both cases and opposite nonlinear phaseshifts. As mentioned earlier, the potential for ∆ < 0 also exhibits additional features near the edges of the well, corresponding to a Raman resonance |g → |r for the interaction-shifted Rydberg state at some interatomic distance near |r| = r B and these features are likely responsible for the deviation from (anti-)symmetry under the change of the sign of ∆ displayed in Fig. 6 .
In the experimentally relevant regime, the effective potential supports only one bound-state ψ B (r) depicted in Fig. 7 ,a. The initial wavefunction ψ(R = 0, r) = 1 is a superposition of ψ B (r) and the continuum of scattering states. The accumulation of probability near r = 0 can then be understood as arising from the interference between the bound and scattering states that evolve at different frequencies. The exact evolution of the real and complex parts of the bound-and scattering states under Eq.8 is plotted in Figs. 7c,d. As shown in Fig. 7a , where the temporal wavefunction ψ(τ ) has been rescaled by the group velocity, the observed bunching feature in g (2) ++ reflects the wavefunction of the two-photon bound state. The size of the two-photon bound state and correspondingly the width of the bunching feature 2τ b v g ∼ 70 µm, exceed the width of the potential well of 2r B ∼ 35 µm, as expected for a potential with one weakly bound state. As a consequence, the potential is well approximated by a simple δ-potential. Fig. 6 displays the solution of the Schroedinger-like equation 3 with a simplified delta-function potential (black curves), which agree well with our measurements and the theoretical predictions and capture the essential features of the nonlinear two-photon propagation.
Dependance on two-photon detuning.
Additional experimental evidence for the bound-state dynamics is obtained by tuning the probe field relative to the EIT resonance, thereby varying the strength of the two-photon interaction potential. As the probe detuning approaches the Raman resonance, δ ∼ Ω 2 c /(4∆), the difference in refractive indices inside and outside the blockade radius increases and the potential deepens (see Fig. 3 ). Consequently, the bound state becomes more localized and the bunching, quantified by g (2) ++ (0), is enhanced, as evidenced in Fig. 8,a and b . In that regime, the measured correlation function differs significantly from the prediction from our full theoretical model. At Raman resonance, the nonlinear interactions become mainly dissipative: single photons are strongly absorbed 
++ ∼ |ψ| 2 (top, gray circles), where time has been converted into distance via the group velocity vg. The boundary effects resulting from the finite extent of the atom cloud become important for |r| ≥ 5 rB. b,c, Detailed visualization of the solution ψ(R, r) to the Schroedinger Eq. 8 at the beginning (R = 0) and at the end (R = L) of the medium for ∆ = 2.3Γ and rB = 0.15L. ψ is a superposition of the unique bound eigenstate of the system (thick red) and a set scattering eigenstates (thick blue). For clearer visualization, the real and imaginary part of the bound (red) and scattering (blue) states, as well as the total wavefunction (dashed purple), are projected on the back and bottom planes of the tri-dimensional drawing. Initially, the bound state and the scattering states interfere to produce the boundary condition ψ = 1. On the short timescale corresponding to our parameters, the unitary evolution mainly rotates the bound state with respect to the scattering state, giving rise to a bunching peak on the real and imaginary part of ψ.
by the medium, with an opacity equal to the resonant OD in the absence of decoherence. Two-photon states are transmitted with large probability as the Rydberg blockade tunes the large absorption dip out of resonance. This strongly modifies the correlation-function: in the denominator, the transmission is dominated by multi-photon states, dark counts and polarization imperfections. The last two-effect strongly reduce the maximum observable correlation function, while the first effect requires the inclusion of higher many-body states in the theoretical model for our typical probe photon incoming rates. The numerator of the correlation function also possibly requires a many-body model to capture our experimental results. As shown in Fig. 8,c , for measurements at very low probe power, same-time intensity correlations g (2) ++ (0) as large as 6 are observed. The opposite regime, ∆ > 0, δ < 0, shifts the two-photon transitions towards the maximum of the transmission peak at δ ∼ − ∆ Γ γ where γ is the Rydberg-to ground-state decoherence rate. The potential depth is reduced and the transmission visibly higher than that of the 2-level medium. As shown in Fig. 8d , a clear bunching peak is still visible in the correlation function, followed by a wider sub-poissonian feature. The existence of the bunching feature in a regime where dissipative interactions lead to anti-bunching is a clear signature of the domination of the dispersive interaction for our experimental parameters. For this regime, the theoretical simulations are in good agreement with our experimental results, confirming that the evolution of the two-photon wavepacket is dominated by the attractive force between the photons. 
++ , defined at half-height between the peak value at τ = 0 and the local minimum closest to τ = 0. Error bars correspond to ±1σ. The theoretical model (solid line) breaks down close to the Raman resonance at δ = 1.3 MHz ≈ Ω 2 c /(4∆), where the single-photon component of the probe field is strongly absorbed. c, Intensity correlation function for interacting photons g (2) ++ (τ ) measured at the two-photon Raman absorption dip, for ∆ = 1.5Γ. The dissipative interactions lead to large bunching effects (the medium is strongly absorptive for single photons and transparent for multi-photon states). The value g (2) ++ (0) ∼ 6 is limited by background noise and transmitted many-photon states, which dominate the average measured rates. d, Intensity correlation function for interacting photons g (2) ++ (τ ) measured at the peak probe transmission for ∆ = 3Γ. The persistence of the bunching feature in a regime where dissipative interactions result in anti-bunching is a clear signature of strong dispersive effects.
OUTLOOK.
The realization of coherent, dispersive photon-photon interactions opens up several new research directions. These include the exploration of a novel quantum matter composed from strongly interacting, massive photons.
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Measurements of higher-order correlation functions may give direct experimental access to quantum solitons composed of a few interacting bosons, 45 or to the detection of crystalline states of a photonic gas. 44 By colliding two counterpropagating photons, it may be possible to imprint a spatially homogeneous phase shift of π on the photon pair, corresponding to a deterministic quantum gate 38 for scalable optical quantum computation.
46
Finally, by accessing other Rydberg states via, e.g., microwave transitions, it may become possible to control the state of multi-photon pulses with just one quantum of light, thereby realizing a single-photon transistor 8 for applications in quantum networks.
